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Abstract: The transient performance of a solar chimney power plant (SCPP) with a heat storage layer is evaluated in
the present study. A modified TRNSYS type is built. The ground temperature, wind velocity at the chimney inlet, and
the power capacity over two typical days are simulated and compared with and without considering the heat storage
layer. SCPP performances with six ground materials (granite, limestone, sandstone, sand, wet soil, and water) are
compared. The parameters are postponed for 2–3 h when the heat storage layer is considered. This is the multieﬀect of
solar irradiation, air characteristics, and ambient temperature. The SCPP with sand as the heat storage layer material
holds the best performance in the daytime and night. Considering its abundant distribution, ease of acquisition, cheap
cost, and high performance, sand is suggested as the ground material for SCPPs.
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1. Introduction
The solar chimney power plant (SCPP) consists of three essential components: a solar collector, a chimney, and
a group of turbine generators (Figure 1). The SCPP runs under the control of greenhouse and buoyance eﬀects.
The sunlight transfers through the collector cover and heats the heat storage layer below. The temperature
of the heat storage layer increases and leads to a temperature diﬀerence between it and the air in the solar
collector, and under this condition the heat convection occurs. The air in the solar collector is heated by the
heat storage layer, which would cause a density diﬀerence between the air in the solar collector and in the
chimney. Under the control of buoyancy eﬀect, the air in the solar collector flows toward the chimney. The
ambient cold air enters into the solar collector through the open edge, then flows into the chimney, and finally
flows out from the chimney outlet, and so forth.
Commercial SCPPs contain huge areas of solar collectors, whose diameters are several kilometers [1–3].
According to the heat transfer progress, the heat storage layer has an important role in the SCPP. Previous
studies have analyzed the influences of the heat storage layer, namely the material, absorptivity, and emissivity,
on SCPP performance [2]. However, the heat storage layer was not well defined from transient points of view
[2,4]. In the present study, a modified type in TRNSYS software is first developed, in which the heat storage
layer is taken into account. The ground temperature, the wind velocity, and the power capacity are then
analyzed by considering SCPP performance on typical days. Wind velocity and power eﬃciencies of six kinds
of heat storage layer materials are also compared.
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2. Mathematical model
A transient mathematical model is built for the SCPP. The mathematical model can be divided into three parts,
namely the solar collector model, the chimney model, and the power conversion unit (PCU) model. Considering
the symmetrical structure of the SCPP, the 3D geometry of the SCPP can be dimensionally reduced into a
2D structure (Figure 2). The coordinates of the mathematical model are established according to Figure 2.
Practically, the SCPP has a large collector radius, high chimney, and large airflow velocity, compared with
which the collector height, the collector cover thickness, and the temperature increase in the solar collector
are much smaller [5–7]. Correspondingly, six assumptions are adopted to simplify the mathematical model: (1)
temperature rises linearly along the r direction in the solar collector [8]; (2) ignore the velocity and temperature
gradient in the z direction in the solar collector; (3) Boussinesq assumption is valid for the chimney [9–12];
(4) ignore the velocity and temperature gradient in the r direction in the chimney; (5) ignore the temperature
diﬀerence between the collector upper and back surface, and (6) airflow is under adiabatic conditions in the
chimney.

Figure 1. Schematic of an SCPP.

Figure 2. Coordinates of the simplified SCPP model.

2.1. Solar collector
Continuity equation:

Momentum equation:
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Energy equation:

Considering the energy balance of a representative elemental volume, as shown in Figure 3, the energy source
∂SΦ /∂t is
∂SΦ
∂Tf
= qcf r∆θ∆r + qgf r∆θ∆r + ρf cp,f
Hr∆θ∆r,
∂t
∂t
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Figure 3. Energy balance of a representative elemental volume in the solar collector.

where the first and the second terms on the right side of Eq. (4) are the heat exchange between the collector
cover and airflow and between the ground and the airflow, which can be expressed as
qcf r∆θ∆r =

∂S1
∂Tc
r∆θ∆r + qgc r∆θ∆r − qca r∆θ∆r − cc ρc
r∆θ∆rL,
∂t
∂t

(5)

∂S2
∂Tg
r∆θ∆r + kg
|z=0 r∆θ∆r − qgc r∆θ∆r,
∂t
∂z

(6)

qgf r∆θ∆r =

where qgc r∆θ∆r is the radiation heat exchange between the ground and the collector cover, qca r∆θ∆r is the
convection and radiation heat exchange between the collector cover and the ambient, and kg

∂Tg
∂z |z=0

r∆θ∆r is

the heat contribution from the ground. Taking a depth of ∆z into consideration, we obtain
[
]
∂Tg
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∂
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+
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(7)

Integrating Eqs. (1)–(7) along directions r , θ , and z , the energy balance of the solar collector in the time
period of ∆t is obtained.
2.2. Chimney
Continuity equation:
∂ρ
∂
+
(ρvz ) = 0
∂t
∂z

(8)
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Momentum equation:
∂
∂p
∂ 2 vz
∂vz
(ρvz ) + ρvz
=−
− ρgz + µ 2
∂t
∂z
∂z
∂z

(9)

∂
∂
(cp ρT ) +
(cp ρvz T ) = 0
∂t
∂z

(10)

Energy equation:

According to the Boussinesq assumption, the momentum equation of the chimney can be simplified as
−

∂p
∂ 2 vz
− ρgz + µ 2 = 0
∂z
∂z

(11)

2.3. PCU
As the connection section of the PCU is irregular, a randomized coordinate along the power generator surface
l is built for this area (Figure 4). We can obtain

Chimney
vz

PCU

Turbine vane

HPCU

vl

Solar collector cover
vr

Solar collector
outlet

RPCU

PCU base

Figure 4. Cross-section of the PCU.

Continuity equation:
∂ρ
∂
+ (ρvl ) = 0
∂t
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(12)
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(
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Momentum equation:

Energy equation:
∂
∂
∂
(cp ρT ) + (cp ρvl T ) =
∂t
∂l
∂l
As HP CU << Hchi and RP CU << Rcol , we can obtain
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vr |r=RP CU = vl |l=0

(15)

vz |z=HP CU = vl |l=LP CU

(16)

HP CU ≈ 0,

(17)
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where Hchi is the chimney height, Rcol is the collector radius, and LP CU is the length of the PCU channel.
Consequently, the momentum equation can be simplified as
−

∂p
∂ 2 vl
+µ 2 =0
∂l
∂l

(18)

2.4. Coeﬃcients and power generation
The generated pressure is consumed by four parts, namely the friction losses in the collector and the chimney
( ∆Pf ), the kinetic energy losses at the turbine inlet (∆Pin ), the kinetic energy losses at the chimney outlet
(∆Pout ), and the rest is the eﬀective pressure used by the turbine to generate electricity ( ∆Pt ).
∆Ptot

= ∆Pf + ∆Pin + ∆Pout + ∆Pt
2
= f LDth 12 ρf vf2 + γ 12 ρo vo2 + 21 ρout vout
+ ∆Pt

(19)

The power generated by the turbine (Pele ) is
Pele = ηt ∆Pt vl Achi ,

(20)

where ηt is the turbine eﬃciency and Achi is the chimney cross-section area.
Equations to calculate the coeﬃcients (the heat transfer coeﬃcients among the collector cover, the airflow
and the ground, the collector cover loss coeﬃcients, the ground loss coeﬃcients, the friction loss, turbine
eﬃciency, etc.) follow the published literature [4,13,14]. The equations are converted into codes in Fortran
and coupled into the TRNSYS program to build a new Type-SCPP according to the method in our previous
study [13,14]. The new Type-SCPP is then used to simulate the transient performance of the SCPP. Weather
parameters are supplied by the TRNSYS Type 15-2, which supplies typical meteorological year data.
3. Results and discussion
The configuration sizes and parameters required in the TRNSYS Type are shown in the Table. The SCPPs are
located in Lanzhou, a typical city in northwest China.
Table. Configuration and parameters of the SCPP.

Component
Solar Collector
Chimney
Ground
Turbine generator

Parameter
Collector radius
Collector area
Collector height
Chimney height
Chimney diameter
Ground material
Reflectivity
Eﬃciency
Inlet loss

SCPP
550 m
950,000 m2
0m
547 m
54 m
Granite
0.25
0.8
0.056

The solar radiation, ambient temperature, and ground temperature of the SCPP with and without
considering the heat storage layer are shown in Figure 5. Similar tendencies are found between the solar
2723
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radiation and the ambient and the ground temperature without considering the heat storage layer, but the
ground temperature of the SCPP when considering the heat storage layer is a little less than without considering
the heat storage layer. Moreover, the ground temperature peak is postponed for about 2 h. When solar radiation
is absorbed by the ground, the absorbed heat is consumed by the air, the collector cover, and the ground. In day 2
of Figure 5, the solar radiation increases from 0900 to 1300 hours; hence the ground temperature and the ambient
temperature also increase in the time period. However, from 1300 to 1500 hours, the incident solar radiation
decreases, as the solar radiation consumed by the air and the deeper ground is less than the incidental solar
radiation. The ground temperature during this time period increases as well. Correspondingly, the incidental
solar radiation cannot aﬀord the air and deeper ground consumed energy, and the ground temperature after
1500 hours decreases gradually. This also explains why the solar radiation fluctuates during 1200 to 1400 hours
but the ground temperature increase steadily during this period.

2000

Ground temperature considering heat storage layer
Ground temperature not considering heat storage layer
Ambient temperature
Solar radiation

80

60

1500

40

1000

20

500

Temperature / °C

Solar radiation/ kJ m-2

2500

0

0

-20
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Time in the day / hour

Figure 5. The ambient temperature and ground temperature of the SCPP over two typical days.

The wind velocity of the SCPP with and without considering the heat storage layer is shown in Figure
6. As no solar radiation is absorbed by the solar collector at night, no wind velocity is observed for the SCPP
without considering the heat storage layer. However, the practical wind velocity at night is relatively high. In
the daytime, the wind velocity curve is postponed for about 3 h from the solar radiation curve. Small solar
radiation fluctuation has little eﬀect on the wind velocity when solar radiation is abundant. In the night, the
wind velocity decreases gradually to one-third of the maximum wind velocity. The wind velocity is a multiresult
of the solar radiation, air characteristics, and the ambient temperature. In order to find the influence of the
heat storage layer eﬀect, the wind velocity at the chimney inlet (assuming that the heat in the storage layer
releases gradually) is also shown in Figure 6. More than 30 h is needed to release the heat totally from the
storage layer. Thus, the heat storage layer cannot release the heat totally during the night.
Power capacity of the SCPP with and without considering the heat storage layer is shown in Figure 7.
As expected, the power capacity curves have similar tendencies to the wind velocity curves. Though the wind
velocity at the chimney inlet is relatively high at night, its power capacity is low. The reason is that the air
density at night is greater than in the daytime (see Eqs. (11) and (20) for details).
The wind velocities of SCPP with diﬀerent heat storage layer materials are then shown in Figure 8. Six
kinds of ground materials are taken into account and their power eﬃciencies are diagrammed in Figure 9. The
2724
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Figure 6. Wind velocity of the SCPP with and without
considering the heat storage layer and under total heat
release conditions.

Figure 7. Power capacity of the SCPP with and without
considering the heat storage layer.
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Figure 8. Wind velocity of SCPP with diﬀerent heat
storage layer materials.
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SCPP with sand and wet soil as the heat storage layer generates the highest and lowest amounts of power in
the daytime, respectively (Figure 8). The SCPP with water and sandstone as the heat storage layer generates
the highest and lowest power in the night, respectively. The SCPP with sand as its heat storage layer holds the
highest peak wind velocity and power eﬃciency in the two typical days (Figures 8 and 9). In addition, sand is
cheap, abundant, and easy to obtain. Correspondingly, sand is recommended as the ground material.

Material of heat storage layer

Figure 9. Power eﬃciency of SCPP with diﬀerent heat
storage layer materials.

4. Conclusions
The heat storage layer plays an important role in SCPP performance. A modified Type in TRNSYS software
is developed, aiming to simulate the ground temperature, the wind velocity, and the power capacity of SCPPs
with diﬀerent heat storage layer materials. In this study, it was found that:
1. The ground temperature of the SCPP when considering the heat storage layer is a little lower than without
considering the heat storage layer. Its ground temperature peak is postponed for about 2 h.
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2. The wind velocity is a multiresult of solar radiation, air characteristics, and the ambient temperature.
The heat storage layer cannot release the heat totally during the night.
3. Among the six conventional heat storage materials (granite, sand, limestone, sandstone, wet soil, and
water), sand is suggested as the heat storage material considering its high performance and ease of
acquisition.
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